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Abstract: We describe a sensor system based on 3D ‘reference structures’
which implements a mapping from a 3D source volume on to a 2D sensor
plane. The reference structure used here is a random three dimensional
distribution of polystyrene beads. We show how this bead structure spatially
segments the source volume and present some simple experimental results
of 2D and 3D imaging.
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1.

Introduction

Most optical imaging systems implement an isomorphic one-to-one mapping between the
source space and the measurement space. The focus of an optical system design has primarily been on implementations of better isomorphisms in order to improve resolution, depth
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of field and field of view. However, with the recent advances in digital processing and focal
planes,the attraction of isomorphic imaging have begun to fade. A new class of imaging systems that integrate optical and electronic processing have emerged. These systems are referred
to as ”Integrated Computational imaging systems” because they use nonconventional optical
elements to preprocess the field for digital analysis [1, 2]. Computational imaging systems
have increasingly become popular as they can implement multidimensional or multispectral
imaging [3, 4, 5]. Other potential advantages include increased depth of field [6, 7], improved
computational efficiency and improved target recognition or tracking capabilities.
This paper describes a novel computational system based on reference structure tomography
(RST) for scan-free three dimensional imaging. Conventional tomographic systems reconstruct
a three dimensional source by capturing several projected images of the source. These systems
compensate the loss in dimensionality by temporally scanning the source. Specifically, confocal
microscopy [9] scans a zero dimensional focal point, a fan-beam tomography system scans onedimensional (1D) projections, and a cone-beam system scans 2D projections. These scans are
integrated to construct 3D source models. We propose reference structure tomography that
enables instantaneous spatial sampling and scan-free estimation of the 3D source.
The most immediate physically realized precursor to reference structure tomography is coded
aperture imaging. Coded aperture imaging systems [10, 11, 12, 13] use a 2D mask to modulate
projections from the source points onto a detector array. Due to the negligible thickness of the
mask, the projection of the object is shift invariant transversely. By designing the mask carefully, a correlation function with sharp peaks can be achieved. Coded aperture systems have
been used to obtain depth information. Sources distant to the detector cast smaller aperture
shadows than closer sources. By correlating the recorded image with decoding patterns of different sizes, images of the source distribution at different depths can be retrieved [14]. However,
tomographical imaging with coded apertures involve deconvolution algorithms which suffer
from defocus artifacts. These artifacts can be avoided by using algebraic inversions with 3D
reference structures.
Reference structure tomography uses reference modulations in the space between sources
and sensors to encode propagating energy radiated or scattered from the sources. These modulations are utilized in such a way that the sensor produces an enhanced measurement. The
reference modulations are achieved by using a reference structure. A reference structure consists of a multidimensional distribution structured both transversely and longitudinally to the
primary direction of propagation for the projection. Rather than modulating the wavefront of
the sensed field, the reference structure modulates the visibility of the source space [8].
Reference structures generalize the physical interface of coded apertures by using 3D rather
than 2D modulation. Due to the three dimensional nature of the reference structures, they implement a more general class of transformations. Transformations implemented by the reference
structure is shift variant in contrast to the shift invariant transformations implemented by coded
aperture systems [14].
This paper aims to simply demonstrate the feasibility of a scan-free three dimensional imaging using reference structures. The reference structure that we consider is a random distribution
of polystyrene beads. The structure is fabricated by stacking several layers of beads one on
top of the other. In Section 2, we show how a bead structure can spatially segment the source
space. We will demonstrate how this can be used an imaging system. The experimental details
and some reconstruction examples will be presented in sections 3 and 4 respectively.
2.

Spatial segmentation using random bead structures

Figure 1 shows an example of the spatial segmentation achieved by an arbitrary arrangement
of obscurants placed in front of the detectors. Due to the obscurants, the visibility of each
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Fig. 1. Spatial segmentation with random 3d bead structures

detector is segmented into several cones. Thus, the reference structure segments the source
space into regions with distinct signatures. The signatures are to be realized by the design of a
reference structure geometry given the set of measurement points. If the structure segments the
source space into N distinct signature regions, then N sources can be estimated. The size of the
obscurants are chosen such that the diffraction can be ignored and this system is treated under
geometrical conditions.
The beads that we consider here are strongly scattering so that each bead will act as an obscurant. Thus, a particular source element is either visible or not visible to a particular measurement element. For imaging applications, it is necessary for every source point to be visible to
one or more sensors. For each pair of source and measurement point at r and rm respectively,
we associate a visibility function v(rm , r). The visibility function in this case is binary valued
depending on whether the source r is visible to the measurement point rm .
The measurement space is an M dimensional vector of sensor measurements. The visibility
of the source point at r from the ith sensor at the measurement point ri is vi (r) = v(ri , r). The
ith measurement is

(1)
mi = vi (r)s(r)dr
where the source state s(r) is the density function over the embedding source space. For every
source state at point r, we define a binary vector signature ξ (r) ∈ (0, 1)M , the ith element of
which is the visibility vi (r) of the ith measurement element.
The regions in the source space which have the same signature is designated as a “cell”. The
source space is thus partitioned into cells so that the points in each cell have the same signature.
Let ξ j denote the signature of the jth cell. In discrete form, the measurements in Eq. (1) can be
expressed as
(2)
mi = ∑ ξi j s j
j

where ξi j is the
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Fig. 2. Fabricated reference structure used for the experiments

cell. In matrix form, we express the measurement process as
m = ξs

(3)

This equation is the mathematical basis for this imaging system. In the next sections, we will
demonstrate how the reference structure is experimentally characterized and reconstruct s on a
three dimensional plane from the measurements m on a 2D focal plane using Eq. (3).
3.

Experiments

A reference structure is fabricated by stacking several layers polystyrene beads one on top
of the other. The beads were mixed in optical quality adhesive and then UV cured to make
the structure. The trasmission coefficient along the beads is very small as the refractive index
difference between the epoxy and the beads is small. Thus, the beads act as scatterers making
the reference structure opaque along rays striking a bead. Since the beads were mixed into the
adhesive randomly, the structure obtained is a random 3D spatial distribution of the glass beads.
Figure 2 shows one such structure.
An imaging system based on these bead structures is shown in Fig. 3. The structure is placed
between the source space and the measurement space. The measurements are made on a Panasonic video camera with 480 × 640 pixels with a pixel size of 8.4 × 9.8µ m. The detector size is
not critical to the source resolution.
The source volume is divided into voxels of size 200µ m × 200µ m × 400µ m. The CCD is
placed on the other side structure, which images the light passing through the structure. A fiber
light source of size 62.5µ m is placed centered at each of the voxels in the source volume and
a separate image is recorded at each voxel. Fig. 4 shows two such images for source voxels
separated by 200µ m along the lateral dimension. Figure 5 shows the difference between these
two images, which shows the two distinct signatures, produced by the two sources on the pixel
array. From the images, it is clear that there is a distinct signature produced by a source illuminating each voxel. Due to the three dimensional nature of the structure, distinctive signatures
patterns are observed even along the depth dimension.
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Fig. 3. An Imaging system based on random 3D bead structures
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Fig. 4. The image obtained when a fiber light source is placed in front of the structure at
two positions in the source space separated by 200 µ m along the lateral dimension
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Fig. 5. Difference between the two images shown in Fig. 4

A source volume can be reconstructed using these distinct signatures. The procedure is as
follows. We assume that the reference structure implements a linear transformation under geometric RST assumptions as shown in Eq. (3). Since the reference structure is made using a
random spatial distribution of beads, we have to characterize the structure to find out the transformation it implements. To characterize the structure, we cycle the fiber source through each
one of the voxel and record the signature patterns obtained on the sensor array. These patterns
describe the transformation ξ .
The fiber source is moved across each one of these voxels using a Newport Auto Align
system. The Auto Align system can be programmed to move it stages in X, Y and Z directions
to an accuracy of 100 nm. The Newport system is programmed so that this whole process is
done automatically. This characterization is equivalent to finding the point spread function of
the imaging system. The transformation ξ is used to numerically reconstruct some unknown
sources. Some examples are presented in the next section.
4.

Reconstruction examples

First, a 2D source is reconstructed using this structure. The source space consists of several
point sources arranged in the shape of a letter D. The reconstruction procedure is as follows.
The source space is divided into 40 × 40 resolution elements in the X-Y grid. A fiber light
source (of diameter 62.5µ m) is placed at each one of the source element and the corresponding
image is recorded. This image forms one column of the transformation matrix ξ .
Since the reconstruction involves the inversion of ξ , ξ is preferred to be a square matrix. The
inversion is done using an iterative least squares algorithm with a constraint that the source is
non negative. Square matrix is not a necessary condition for this algorithm. However, square
matrix is preferred for ease of computation and representation.
Thus each image of size 480 × 640 is re-sized to a 40 × 40 image using a bilinear transformation. This image is then reshaped as a single column vector of size 1600 × 1 and is placed
as one column of ξ . This process is repeated for each source element and a transformation ξ of
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Fig. 6. Reconstructed source displayed as a 40 × 40 image

size 1600 × 1600 is obtained.
This transformation ξ characterizes the reference structure and an unknown source can be
reconstructed by the multiplying the measurements with the inverse of ξ . For this it is required
that ξ is invertible and is a full rank matrix. Our experiments did verify this. The rank of the
transformation ξ is numerically found to be 1600. Now, this ξ is used to reconstruct point
sources arranged as letter D.
When letter D is placed in the source plane, the image obtained is a linear combination of the
images obtained when a point source was illuminating each of the source elements. This image
is compressed to 40 × 40 pixels and multiplied it with ξ −1 . The reconstruction is reshaped as a
40 × 40 image and is shown in Fig. 6.
A similar procedure is used to reconstruct a source volume. The source space is divided into
10 × 10 × 10 voxels of 200 µ m lateral resolution and 400 µ m depth resolution. The reference
structure is characterized by moving the fiber light source through each one of the voxels. The
transformation matrix is then used to reconstruct a source volume which consists of a series of
point sources located along the solid diagonal of a source volume. Figure 7 shows the composite
volume in which all the point source reconstructions are combined together and displayed. This
figure demonstrates the depth imaging capabilities of reference structures.
5.

Conclusion

This paper demonstrated a 3D random bead structure based imaging system to estimate a 3D
source volume. The reference structure spatially segments the source volume to generate regions with distinct signatures on the sensor array. These distinct signatures can be used to reconstruct the 3D source volume. In future, we hope to implement a scan-free three dimensional
microscope using this principle.
#2725 - $15.00 US

(C) 2003 OSA

Received July 09, 2003; Revised August 21, 2003

8 September 2003 / Vol. 11, No. 18 / OPTICS EXPRESS 2140

Fig. 7. Reconstructed source volume consisting of a series of point sources located along
the solid diagonal of a cube shaped source volume: All the reconstructions are combined
together and shown as a composite 3D volume
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